The recent discover of the novel four-dimensional static and spherically symmetric Gauss-Bonnet black hole provides a promising bed to test the Gauss-Bonnet gravity by using the astronomical observation [Phys. Rev. Lett. 124, 081301 (2020)]. In this paper, we first obtain the rotating Gauss-Bonnet black hole solution by using the Newman-Janis algorithm, and then study the shadow cast by non-rotating and rotating Gauss-Bonnet black holes. The result indicates that positive Gauss-Bonnet coupling parameter shrinks the shadow, while negative one enlarges it. Meanwhile, both the distortion and ratio of two diameters of the shadow are found to increase with the coupling parameter for certain spin. Comparing with the Kerr black hole, the shadow gets more distorted for positive coupling parameter, and less distorted for negative one. Furthermore, we calculate angular diameter of the shadow by making use of the observation of M87*. The result indicates that negative dimensionless Gauss-Bonnet coupling parameter in (-4.5, 0) is more favored. Therefore, our result gives a first constraint to the Gauss-Bonnet gravity. We believe further study on the four-dimensional rotating black hole will shed new light on the Gauss-Bonnet gravity.
black holes, wormholes, or other compact objects from the astronomical observations. Moreover, it is also expected to cast deep insight into modified gravities.
In the past few decades, different modified gravity theories were proposed with the attempt to solve the fundamental questions, such as the quantum gravity and singularity problem. Among them, Gauss-Bonnet (GB) gravity including higher curvature corrections is one of the the most promising approaches. It is well known for a long time that there exist different static and spherically symmetric black hole solutions from general relativity in d-dimensional spacetime with d > 4. While no different black hole solution exists in four dimensions due to that the GB term is a total derivative, and thus it has no contribution to the gravitational dynamics. Since the dimension of the observed spacetime is four, it is extremely hard to test the nature of the GB gravity through the astronomical observations. Very recently, Glavan and Lin [62] proposed a general covariant modified gravity in four dimensions, in which only the massless graviton propagates. It can also bypass the Lovelock's theorem and avoid Ostrogradsky instability. Taking the dimension d → 4, the GB term shows a nontrivial contribution to the gravitational dynamics. And then a non-trivial and novel four-dimensional static and spherically symmetric black hole solution was discovered. Such black hole, in particular, offers us a promising bed to test the nature of the GB gravity. Subsequently, the quasinormal modes of scalar, electromagnetic and gravitational perturbations were calculated in [63] , where the results show that varying with the GB coupling parameter, the damping rate is more sensitive characteristic than the real part. Dynamical eikonal instability occurs for larger GB coupling parameter. The shadow cast by the spherically symmetric black hole was examined in Refs. [63, 64] . The shadow size exhibits a close relation with the coupling parameter. In addition, all the radii of the innermost stable circular orbit, black hole horizon, and the photon sphere are decreasing functions of the GB coupling parameter [64] . This black hole solution was generalized to the charged case [65] . The cosmological and black hole solutions arising from the gravity was also discussed in Ref. [66] .
It is generally believed that almost all the astronomical black holes have spin. So it is worth to study the particular properties for the rotating black hole, which will provide us opportunities to test the nature of the GB gravity by using the astronomical observations, especially the observations of the M87* by the EHT Collaboration. In this paper, we mainly focus on studying the shadow cast by the GB black hole, and constraining the GB coupling parameter. So we first generalize the black hole to a rotating one by using the Newman-Janis (NJ) algorithm. Then, by modeling the M87* with this rotating GB black hole, we constraint the GB coupling parameter via the observations of EHT Collaboration. The result reveals that negative GB coupling parameter is more favored. Another study on the shadow in Eeinstein-dilaton-Gauss-Bonnet black holes can be found in Ref. [67] .
The paper is organized as follows. In Sec. II, we first show the non-rotating GB black hole solution, and then extend it to its rotating counterpart by the NJ algorithm. Different regions of the spacetime in the parameter space are also displayed. Null geodesics and circular photon orbit are given in Sec. III. In Sec. IV, the shadow shapes are exhibited. Basing on them, we construct several observables and obtain their behaviors with the spin and GB coupling parameter, which provides us the preliminary nature on the four-dimensional GB black hole. Comparing with the Kerr black hole, we observe that positive coupling shrinks the shadow, while negative coupling enlarges it. Then, after obtaining these results, we constraint the GB coupling parameter by calculating the angular diameter of the shadow via the observation of M87* in Sec. V. Finally, the conclusions and discussions are presented in Sec. VI.
II. FOUR-DIMENSIONAL GAUSS-BONNET BLACK HOLE
In this section, we will focus on the properties of the four-dimensional non-rotating and rotating black holes.
A. Non-rotating black hole
In GB gravity, it is well known that there are the static and spherically symmetric black hole solutions in a spacetime with d ≥ 5, for examples see Refs. [68, 69] . However, in four-dimensional spacetime, the GB term is a total derivative, and thus it has no contribute to the gravitational dynamics. Until recently, a four-dimensional non-trival black hole was discovered by Glavan and Lin [62] . They first rescaled the GB coupling parameter α → α/(d − 4), then took the limit d → 4, and finally found a static and spherically symmetric black hole solution [62] ds 2 = f (r)dt 2 − dr 2 f (r) − r 2 (dθ 2 + sin 2 θdφ 2 ),
(1)
This black hole solution exactly coincides with that obtained in a gravity with conformal anomaly [70, 71] . Here M is the black hole mass. This solution can be obtained by solving the following action
where we have taken 16πG = 1. This solution can bypass the Lovelock's theorem and avoid Ostrogradsky instability. When r → 0 and r → ∞, we have
So, this metric is asymptotic flat. The black hole horizons can be obtained by solving f (r) = 0, which gives
For positive α, we have two horizons for α/M 2 < 1, one degenerate horizon (corresponding to an extremal black hole) for α/M 2 = 1, while no horizon for α/M 2 > 1. For negative α, it was argued in Ref. [62] that no real solution exists at short radial distances when r 3 < −8αM . However it was noted that in the range −8 ≤ α/M 2 < 0, the singular short radial distances are always hidden inside the outer horizon r + [64] , which therefore provides a well behaved external solution. Therefore, we consider the black hole solution in the region −8 ≤ α/M 2 < 1 in this paper.
B. Rotating black hole
In this subsection, we would like to adopt the NJ algorithm [72] to generate the rotating GB black hole solution from (1) by following the approach proposed by Azreg-Aïnou [73] . The corresponding field equation can be verified for the rotating black hole solution.
First, we introduce the Eddington-Finkelstein coordinates (u, r, θ, φ) with
Then the metric of the non-rotating GB black hole becomes
Further, the metric can be expressed as
with the null tetrads given by [73] l a = δ a r ,
It is easy to find that these null tetrads have the following relations:
l a l a = n a n a = m a m a =m am a = 0, (14) l a m a = l am a = n a m a = n am a = 0, (15) l a n a = −m am a = 1.
Now, we perform the complex coordinate transformations in the (u, r)-plane following the NJ algorithm
with a a spin parameter of the black hole. Next step is complexifying the radial coordinate r in the NJ algorithm. However it is not necessary. As shown by [73] , this complexifying process can be dropped by considering that δ µ ν transforms as a vector under (17) . At the same time the metric functions of (9) transform to new undetermined ones
After this transformation, the null tetrads become
Making use of the new null tetrads, the rotating metric in the Eddington-Finkelstein coordinates is given by
Bringing this coordinates back to the Boyer-Lindquist ones, we can obtain the rotating GB black hole. In order to achieve it, we introduce a global coordinate transformation
with [73] 
At last, we choose
Then the rotating black hole metric reads
Note that, we have changed the sign of the metric according to the convention. For the four-dimensional rotating GB black hole, the metric functions are
Here we would like to give a comment on the above black hole solution. It is very difficult to check the gravitational field equations directly, since we can not write them in four dimensions. However, we can check their trace: where the rescaling α → α/(d−4) has been done. For this rotating black hole solution, we find that the trace equation only holds for θ = π/2. At large r region, this equation is approximately satisfied. After the NJ algorithm, we should introduce some other fields in the GB action, which is very different from the case of general relativity. So the solution obtained here is not the GB vacuum solution and some matter fields should be included in order to be consistent with the gravitational field equations. The corresponding topic will be pursued in future work. When the spin a = 0, this metric will reduce to the static and spherically symmetric one (1). On the other hand, at the small α limit, we have
where ∆ Kerr = r 2 − 2M r + a 2 for the Kerr black hole. It is clear that the GB coupling parameter α modifies the Kerr solution.
The horizons of the black hole can be obtained by solving ∆ = 0. For positive 0 ≤ α/M 2 ≤ 1, it is similar with the Kerr case. There can be two horizons, one horizon, and no horizon. There exists a maximal value of spin a for certain α, beyond which only the naked singularity is presented. While for negative α, only one positive real root of ∆ = 0 is found, which indicates that there only exists one black hole horizon. Also, similar to the non-rotating black hole, the solution only exists for
In order to guarantee the existence of the horizon and r + ≥ r 0 , one should have ∆(r 0 ) ≤ 0, which requires that the black hole spin satisfies the following relation
At α = −M 2 , the spin approaches its maximum 2M . In Fig. 1 , we show the different regions of the spacetime in a/M -α/M 2 plane. In regions I and II, they are black holes with two and one horizon, respectively. Region III is for the naked singularity. Differently, in region IV, the spacetime has no horizon and has no real solution at the short radial distances. Therefore, we only consider the black hole regions I and II.
III. GEODESICS AND CIRCULAR PHOTON ORBITS
In this section, we would like to investigate the geodesics in the background of (30) . We will study the circular photon orbits of the black hole, which is a key quantity on examining the shadows cast by the four-dimensional GB black hole. The geodesics of a particle moving in this background can be obtained by solving the geodesic equation. Alternately, one can adopt the Hamilton-Jacobi approach. The Hamilton-Jacobi equation describing the particle is
where λ is the the affine parameter. For this black hole background, there are two Killing fields ∂ t and ∂ φ , which give us two constants, the particle energy E and orbital angular momentum l along each geodesics
Then the Jacobi action can be separated as
where µ 2 is the rest mass of the particle. The functions S r (r) and S θ (θ), respectively, depends only on r and θ.
Substituting the Jacobi action (39) into the Hamilton-Jacobi equation (36) , one can obtain
with
where the Cater parameter K related to the Killing-Yano tensor field is another constant of the geodesics. Further combining g µνẋ µẋν = −µ 2 , we can obtain the following equation of motion for the particle in the background of a rotating GB black hole
Now we focus on the circular photon orbits by analyzing the radial motion. Since we consider the motion of photon, we take µ 2 = 0 in the following. The radial motion (45) can be reexpressed as
The effective potential reads
where ξ = l/E and η = K/E 2 , and the function ∆ is given in Eq. (32) . The circular photon orbit satisfies the following conditions
Solving them, we obtain
where the prime denotes the derivative with respect to r.
IV. BLACK HOLE SHADOWS AND OBSERVABLES
In this section, we would like to study the shadows cast by the non-rotating and rotating GB black holes. Before performing the study, it is worthwhile pointing out that in our case, all light sources are located at infinity and distributed uniformly in all directions. The observer is likewise located at infinity.
In order to describe the shadow under our assumption, one needs to introduce two celestial coordinates [12] 
where the equations of motion (44)-(47) are used, and θ 0 is the inclination angle of the observer. If the observer locates on the equatorial plane, these celestial coordinates simplify to
If the pair parameters (ξ, η) take all possible values, then the capture region, the shadow, will be obtained in the celestial plane. Such region is actually not illuminated by the photon sources. The boundary of the shadow can be determined by the radius of the circular photon orbits.
A. Non-rotating black hole shadows
Here we first consider the non-rotating black hole case, i.e., a=0, which is described by the metric (1). On the other hand, because the spherically symmetry of the black hole, its shadow effectively equals to θ 0 = π/2, and is round.
For this case, we have 
Here R s denotes the radius of the shadow, and r ps is the radius of the photon sphere of the non-rotating black hole [64] :
When α = 0, this gives r ps =3M, which is just the result of the Schwarzschild black hole case. Moreover, when α takes its upper and lower bounds, i.e., -8M 2 and M 2 , we have r ps =4.7428M and 2.3723M, respectively. The relation (58) shows that r ps decreases with α. In Fig. 2(a) , we show the shadows for the non-rotating GB black holes with α/M 2 =-8, -2, 0, 0.5, and 1 from the outside to the inside. Obviously, the shadow shrinks with the increase of α. The radius R s of the shadow is also plotted as a function of α in Fig. 2(b) . We can see that positive α shrinks the shadow and negative one enlarges the shadow.
In the following subsection, we will show that the influence of the black hole spin on the size of the shadow is very tiny, and the shadow size is mainly dependent on the GB coupling α.
B. Rotating black hole shadows
When the black hole spin is included, the shape of the shadow behaves quite differently. The critical photons moving from two different sides of the black hole have different values of ξ and η. This effect makes the black hole shadow be elongated in the direction of the spin axis. So for a rotating black hole shadow, its shape is not a round but a distorted one. In this subsection, we focus on the shadow shapes cast by the rotating GB black holes.
Making use of (53) and (54), we plot the shadows for the rotating GB black holes in Fig. 3 . All these figures show that the shadow shrinks with the increase of α. Moreover, when the black hole spin approaches its maximal value, the shadows get more deformed. However, when the inclination angle of the observer decreases such that θ 0 = π/6, the shadows get less deformed when its spin approaches the maximal value. As a brief summary, we can conclude that the black hole shadow size is mainly dependent of α, while its distortion is dependent of the black hole spin a.
In order to get the black hole parameters through fitting the observed data, observables play a key role. The size and distortion are two important aspects of the shadows. So most of the observables are constructed through this fact. For clear, the schematic picture of the black hole shadow is given in Fig. 4 for nonvanishing spin. There are four characteristic points, the right point (X r , 0), left point (X l , 0), top point (X t , Y t ) and bottom point (X b , Y b ) of the shape. Considering the symmetry, one has X t = X b and Y t = −Y b . As suggested in Ref. [14] , the size of the shadow can be approximately measured by the radius R s of the reference circle, which is just the circle passing the right, top, and bottom points of the shadow. Its center C is also on the X axis. The reference circle cuts the X axis at (X l , 0). For a shadow cast by a non-rotating black hole, we will haveX l = X l . However, the spin will departure these two points, and the shadow shape gets distorted. Another observable δ s is also given in Ref. [14] to measure the distortion of the shadow with respect to the reference circle. In the following, we will study these observables as function of the GB coupling parameter α.
From the geometry of the shadow, the observables R s and δ s can be expressed with the coordinates of these characteristic points as
Recently, the ratio k of two diameters ∆X and ∆Y attracts much more attention. It is a new observable that can be fitted by the data of M87*. In terms of these coordinates, the ratio reads
where we have used the relationsX l = X r − 2R s . So it is clear that these observables are not independent of each other. As shown in Fig. 3 , we can see that if a black hole spin is not very close to its maximum, the shadow is almost round. This conclusion is more true when the observer leaves the equatorial plane. Adopting this result, one has R s ≈ 2Y t , and thus k s ≈ 1/(2 − δ s ). Moreover, since ∆Y ≥ ∆X, we have k s ≥ 1.
For black hole spin a/M =0.1, 0.3, 0.5, and 0.9, we calculate these observables when θ 0 =π/2 and π/6. The results indicate that the influence of the spin is mainly on the maximum value of α, while on the shadow size R s is very tiny. So we will not show them here. The behaviors of observables δ s and k s are exhibited in Fig. 5 . From the figures, we find that both δ s and k s increase with α and a, while decrease with θ 0 . Further comparing with the Kerr black hole case, positive α will increase δ s and k s , while negative ones decrease them. For example, when a/M =0.9, the Kerr black hole has δ s =13.87% and k s =1.07 for θ 0 = π/2. Meanwhile, the rotating GB black hole can achieve δ s =23.61% and k s =1.13, respectively. One can expect, these values get larger for high black hole spin. In summary, we obtain the following result: 1) the shadow size R s is mainly dependent of the GB coupling parameter α. Positive α decreases the size, while negative one increases it. 2) When the black hole approaches its extremal case, the shadow will have larger values of δ s and k s . We believe these results will provide us the information on how to constraint the black hole spin a and the GB coupling parameter α.
V. SHADOW OF M87* AND GAUSS-BONNET COUPLING
In this section, we would like to use the result of the EHT Collaboration to fit the GB coupling by the observation of M87*.
For M87*, its observed shadow has an angular diameter of 42 ±3 µas. The axis ratio was also found to be smaller than 4/3. It was also reported that the deviation of the shadow shape from a circular is less than 10% [1, 5, 6]. The observation of the jet indicates that the inclination angle is about 17 • [74] . Based on the stellar population measurements, the distance D of M87* from us was estimated to be D=16.8±0.8 Mpc [75] [76] [77] . The stellar dynamics and gas dynamics studies showed that the mass of M87* is about 6.2 +1.1 −0.5 × 10 9 M [78] and 3.5 +0.9 −0.3 × 10 9 M [79], respectively. Meanwhile, the EHT Collaboration reported that the mass of the M87* is 6.5±0.7 × 10 9 M . Their result also implies that the absolute value of the dimensionless black hole spin a/M is in the range (0.5, 0.94).
For simplicity, we adopt the following data, D=16.8 Mpc, M =6.2×10 9 M and 6.5×10 9 M . The inclination angle is chose to be 17 • . Then we examine the major diameter ∆Y to fit the shadow size 42 ±3 µas, or even 10% offset is considered.
First, we take M =6.2×10 9 M from the stellar dynamics, and show the contours of the angular diameter ∆Y of M87* in a-α plane in Fig. 6. From Fig. 6(a) , we see that α/M 2 is about in the range (-4.5, -1) for the observed shadow diameter 42 ±3 µas. Moreover even if the 10% offset of the diameter is taken into account, which reduces the corresponding angular diameter to 37.8 µas, the associated GB coupling α/M 2 =-0.32 and -0.61 for |a|/M =0.5 and 0.9, respectively. Therefore, the observation favors negative values of the GB coupling α. For clarity, we also show the contours in α/M 2 ∈ (0, 1) in Fig. 6(b) . It is evident that in the positive range of α, the diameter is about in 34.5∼37µas, which obviously lies out the observation.
When taking the mass of M87* M =6.5×10 9 M given by the EHT Collaboration, we plot the corresponding contours in Fig. 7 . For ∆Y ∈ (39, 45)µas, it also falls in the range of negative α. While taking into account of the 10% offset of the diameter such that ∆Y = 37.8µas, α/M 2 takes 0.33 for a/M =0.5. However when a/M >0.84, α will become negative, i.e., α/M 2 =-0.09 for a/M =0.94.
In summary, combining with the mass estimated from the stellar dynamics or by the EHT Collaboration, the observation favors α/M 2 ∈(-4.5, 0) when considering the black hole spin a/M ∈(0.5, 0.94). Therefore, modeling M87* with a rotating GB black hole, the astronomical observation favors a negative GB coupling constant.
VI. CONCLUSIONS AND DISCUSSIONS
In this paper, we first constructed a four-dimensional rotating GB black holes by using the NJ algorithm. Then, we studied geodesics of a particle moving in this background. Employing the null geodesics, we investigated the shadow cast by non-rotating and rotating black holes. At last, by combining with the observation of M87*, we constrained the possible range of the GB coupling parameter.
For the non-rotating black hole in the case of positive GB coupling parameter α, the property of its horizon is similar to the charged black hole. Black hole with two horizons and naked singularity are bounded by the extremal black hole with α = M 2 . While for the negative α case, it was found that at the short real radial distances, the spacetime has no real solution. However, if this range is hidden behind the horizon, the solution appears as a well behaved external solution. Thus, the study can be extended to α/M 2 =-8. For the rotating black hole case, the horizon will be deformed by the black hole spin. However, the major property is still unchanged. As shown above, we have −8 ≤ α/M 2 ≤ 1 and −2 ≤ a/M ≤ 2. The particular details were given in Fig. 1 . The geodesics of a particle moving in the GB black hole background was solved following the Hamilton-Jacobi approach, which was also found to be a Kerr-like result. Based on the null geodesics, the shadow in the celestial coordinates was displayed. We observed that the shadow size is mainly dependent of α, for example, positive α decreases the size while negative one increases it. On the other hand, the distortion mainly depends on the black hole spin and the extremal bound. The distortion δ s and the ratio k s of these two diameters were also studied. Both them increase with a and α. Comparing with the Kerr black hole case, δ s and k s increase with positive α and decrease with the negative one. These results reveal the particular property of the GB coupling on the shadow shape.
Finally, we modeled the M87* with this rotating GB black hole, and used the observation to constraint the possible range of the GB coupling parameter. Considering the inclination angle θ 0 = 17 • from the observation of the jet, the distance D = 16.8Mpc from stellar population measurements, we plotted the contours of the angular diameter of the rotating GB black hole with M =6.2×10 9 M and 6.5×10 9 M from the stellar dynamics and EHT Collaboration, respectively. Comparing with the angular diameter 42 ±3 µas of the M87*, our result supports that the GB parameter α is negative. Even if the 10% offset of the diameter is taken into account, the most possible range still falls in the negative α region.
Although the EHT Collaboration molded M87* with the Kerr black hole, and confirmed that the observation supports the GR, it also leaves us a possible window to test the modified gravity due to the resolution of the observation and the unknown mass of the accretion of M87*. Combing with these two different mass data of M87*, our results favor that the GB coupling should fall in the possible negative range α/M 2 ∈(-4.5, 0).
Since the four-dimensional GB black hole solution has just been discovered, it is worth to constraint the GB coupling parameter from other astronomical observations. This also provides us a promising way to understand GB gravity in four dimensions.
